Homology searches of the E. coli genome suggest yrbH may be one of multiple genes which encode proteins with API activity.
INTRODUCTION
The lipopolysaccharide (LPS) 1 4 acid phosphatase which was highly specific for . Analysis of the E. coli K-12 MG1655 genome (18) at the National Center for Biotechnology Information (NCBI) web site revealed an orf (yrbH) located next to yrbI in the yrb cluster encoding a putative phosphosugar isomerase. The yrbH gene was cloned, overexpressed, and purified to homogeneity. The recombinant protein was subsequently characterized and shown to catalyze the interconversion of A5P and Ru5P utilizing a newly developed 96-well microplate assay. This is the second unknown gene identified from the E. coli yrb cluster to be implicated in KDO biosynthesis. were transformed with the recombinant vector, and plasmids were screened by restriction digest.
EXPERIMENTAL PROCEDURES

Materials-E. coli cells containing a plasmid with the
A correct plasmid that had been verified by sequencing to contain the yrbH gene was then digested (Nde I and BamH I) and ligated into a similarly restricted pT7-7 expression vector that had been treated with calf intestinal alkaline phosphatase. The ligation mixture was used to transform chemically competent E. coli XL1-Blue cells and a transformant harboring the correct pT7-yrbH plasmid was identified by restriction analysis and sequencing. E. coli BL21(DE3) cells were transformed with the plasmid, rechecked by restriction analysis, and stored at -80 ºC.
The E. coli BL21(DE3)/pT7-yrbH cells were grown in 2 × YT medium containing ampicillin (100 mg/L) at 37 ºC with shaking (250 rpm). Once the culture reached the midlogarithmic growth phase (OD 600 ~ 0.7-0.9), the culture was allowed to cool to 18 ºC before being induced with isopropyl-β-D-thiogalactoside at a final concentration of 0.4 mM. After 16 hours of growth at 18 ºC, the cells were harvested by centrifugation (6,500 × g, 15 min, 4 ºC).
The cell pellet (3.5 g wet weight) was suspended in 20 mL of buffer A (20 mM Tris-HCl; pH=8.0) and then sonicated on ice (5 x 30 seconds; 2 minute pauses between pulses). Cellular debris was removed by centrifugation (29, API Activity Assay-The API activity was determined by a 96-well microplate adaptation of the discontinuous cysteine-carbazole colorimetric assay initially developed by Dische and Borenfreund (21) and later modified by Ray and coworkers (22) . A solution containing 25 µL of enzyme at various concentrations in buffer (100 mM Tris-HCl; pH=8.5) was incubated at 37 ºC Plates were thoroughly mixed and the color was allowed to develop at room temperature for 1 or 3 hours, depending on the assay. It was observed that the sensitivity for ketose detection and the degree of reproducibility was increased by longer color development times at room temperature (data not shown) as opposed to shorter development times with heating (22) . However, longer development times reduced the linear range, presumably due to the instability of the chromophore. Accordingly, plates being monitored for the appearance of ketose were read at 540 nm after 3 hours of color development and the plates being monitored for the disappearance of ketose were read after 1 hour. All plates contained internal Ru5P standards and appropriate A5P controls in triplicate. One unit of enzyme activity is defined as the conversion of 1 µmol of sugar phosphate per minute at 37 ºC. 
Metal Content Analysis-
RESULTS
Identification of yrbH as API in E. coli K-12-
To date, the genes encoding the enzymes that are part of the KDO pathway in E. coli K-12 have all been identified except for API (Fig. 1) .
The genes do not belong to a common operon, and this includes the recently identified KDO 8-P phosphatase gene, yrbI (17). Genomic analysis using the NCBI website indicated that genes in the yrb cluster are conserved among several Gram-negative bacteria, including the orf yrbH (Table I ). The yrbH gene encodes a 328 amino acid long putative phosphosugar isomerase.
Interestingly, a BLAST search with yrbH revealed the existence of at least one other paralogue (gutQ) in the E. coli K-12 genome (18), three homologues (yrbH, gutQ, kpsF) in the uropathogenic E. coli CFT073 genome (23) , and one homologue (NMB0352) in Neiserria meningitidis serogroup B (MC58) (24) with significant sequence homology (Fig. 2) . NMB0352 was recently identified as encoding a protein with API activity (25) . Since yrbH is located next to an enzyme involved in KDO synthesis, is highly conserved in Gram-negative bacteria, is predicted to be a phosphosugar isomerase, and has the highest degree of homology among the E. coli paralogues with NMB0352, the yrbH orf was chosen as the candidate E. coli K-12 gene encoding for the API involved in the generation of A5P for LPS synthesis.
Overexpression and Purification of yrbH-
The recombinant protein yrbH was overexpressed using the pT7-7 expression vector (Fig. 3) . Optimal conditions for the maximal ratio of recombinant to cellular protein was achieved by overnight expression at 18 ºC. The protein exhibited a strong propensity to aggregate, particularly at pH values below 7.2 (data not shown). Efficient purification to homogeneity was achieved in two steps using a Q Sepharose anion exchange column followed by a Phenyl Superose column (Table II) . The specific activity after dialysis was 246 U/mg. Purified API was stable for at least 1 month when stored at -80 ºC. 
Molecular Weight (MW) Determination-
Effect of Divalent Metals on Activity-
The addition of EDTA to API as isolated, without removal of either EDTA-metal complex or excess free EDTA, increased the observed activity nearly 2-fold (Fig. 4A) were sufficient to cause complete inhibition. Using enzyme solutions from which all metal had previously been removed by EDTA treatment followed by gel filtration, the IC 50 for Zn 2+ was estimated between 1-3 µM (Fig. 4B) .
Optimum pH and pK a -A plot of V app versus pH data produced a bell shaped activity profile (Fig. 5) . A satisfactory fit (R = 0.98) of the data was achieved using the model as defined by eq [1] . The pH optimum was determined to be 8. (Table   III) . D-Arabinose was not a substrate. API thus appears to be a specific phosphosugar aldol-keto isomerase for A5P within the limits of detection of the assay. in the Ru5P to A5P direction. The K eq , as determined by the endpoint assay and confirmed by 31 P NMR (Fig. 6) , is 0.50 ± 0.06.
DISCUSSION
The expression and regulation of genes involved in the synthesis of KDO are of considerable interest due to the widespread incorporation of KDO in the LPS and its required role in most Gram-negative bacteria (1, 13) . Despite the well documented importance of the LPS in the pathogenesis and virulence of Gram-negative mediated bacterial infections (26), the complete set of genes in E. coli K-12 responsible for KDO synthesis remained unidentified in part due to the lack of confinement to a common operon. This included the gene(s) for API (22) .
The gene for KDO 8-P phosphatase (yrbI) was recently located on the yrb gene cluster (17) and its position next to an orf (yrbH) encoding a highly conserved putative phosphosugar isomerase suggested the possible role of API for yrbH. In addition, yrbH shares significant homology with NMB0352 in N. meningitidis serogroup B (MC58) that had been identified as encoding a protein with API activity (Table I) (25) . This is the only protein in N. meningitidis that resembles either of the two paralogues in E. coli K-12. Of the two paralogues in E. coli, NMB0352 showed slightly higher homology to yrbH than to gutQ. Along with the genomic location and degree of conservation, this suggests that yrbH is the API of the KDO pathway common to Gram-negative bacteria.
Domain analysis of API indicated a core N-terminal SIS domain (210 a.a.) followed by a pair of C-terminal CBS domains (50 to 60 a.a. per domain) (Fig. 2) . SIS (sugar isomerase) domains are commonly found motifs in aldol-keto isomerases and in proteins that regulate the expression of genes involved in the synthesis of phosphosugars (27). CBS (cystathionine β-synthase) domains are found in numerous proteins and their exact function is currently unknown, although it is believed that they may play a regulatory role and are implicated in numerous disease states (28) . API is a logical control point as it catalyzes the first step in the KDO pathway ( Fig. 1) via consumption of Ru5P, a critical intracellular metabolite common to multiple pathways (16, 29) . Whether there is CBS mediated modulation of API activity in order to regulate the flux through the KDO pathway is yet to be determined.
The characterization of yrbH reported herein is consistent with its identification as a specific A5P isomerase in E. coli K-12. The high specific activity (246 U/mg), competent kinetic parameters for both A5P (K m = 0.61 ± 0.06 mM; k cat = 157 ± 4 sec ), and substrate specificity (Table III) support the conclusion that yrbH is an A5P isomerase. The equilibrium at 37 ºC lies well in favor of A5P (68 ± 2 % to 32 ± 2 %) (Fig. 6) , and the pH optimum is 8.4 (Fig. 5 ). This value is in agreement, within error, with the K eq as calculated by the Haldane relationship (0.35). The pK a values (6.55 ± 0.04 and 10.34 ± 0.07) suggest the presence of a histidine or possibly a carboxylate along with a lysine or arginine at the catalytic site. It is unlikely that the later pK a is due to a cysteine as DTNB [5,5'- dithiobis-(2-nitrobenzoic acid)] titrations (30) detected only one modifiable cysteine that could not be protected by co-incubation with substrate (data not shown). These same amino acids are evoked as general base/acid catalytic residues in two other well studied isomerases, glucose 6-phosphate isomerase (31) and triose phosphate isomerase (32, 33) , and may reflect a common mechanism. Recombinant API contained approximately one zinc atom per monomer after purification. The metal could be removed by treatment with EDTA followed by gel filtration, and resulted in nearly a 2-fold increase in observed activity. In addition, the activity was increased upon the in situ addition of excess EDTA (Fig. 4A) and thus there does not appear to be a metal cofactor requirement. API is extremely sensitive to d 10 metal inhibition (Fig. 4A), with an estimated IC 50 = 1-3 µM for zinc (Fig. 4B ). This reflects the upper limit, and the true inhibition constant is likely much lower, particularly if ZnOH + is the inhibitory species.
Submicromolar reversible zinc inhibition has been observed in other enzymes (34) , including phosphomannose isomerase (35) . The mode of inhibition in API may be through coordination to active site carboxylate and/or histidine residues, which are commonly encountered high affinity zinc ligands (36, 37) . It has been speculated that metal ion inhibition may be a mechanism to control activity in vivo (34) , although the biological significance in terms of API is unknown.
The retention of two seemingly paralogous genes in E. coli K-12 (yrbH, gutQ) and three in the uropathogenic E. coli CFT073 (yrbH, gutQ, kpsF) genome is of considerable interest (Fig.   2 ). Based on homology studies, yrbH appears to be the most ubiquitously conserved among Gram-negative bacteria (Table I ). The kpsF and gutQ genes, however, are not as widely distributed. The kpsF gene appears to be confined to the first orf of region 1 of the kps locus in E. coli strains expressing Group 2 type capsules (38, 39) , and is likely involved in A5P (i.e. KDO) production for capsule biosynthesis. The function of gutQ, which is located in the glucitol operon (40) , is currently unknown. The domain architectures of kpsF and gutQ are similar to yrbH except in the N-terminal segments (Fig. 3) . The significance of the sequence variation is not clear.
In summary, the yrbH gene has been shown to encode for a protein containing API activity. This is the second unknown orf identified from the yrb cluster. The protein was cloned, overexpressed, and characterized. Work is currently in progress to characterize the other E. coli proteins (gutQ and kpsF) with homology to yrbH in order to confirm their function in vitro, to explore the possibility of regulation at the post-translational level, and gain further insight into the mechanism of coordination of API(s) in Gram-negative bacteria. Samples were incubated in the presence of 700 nM API at 37 ºC for 6 hours until spectra did not change (WALTZ16 proton decoupling, 64 scans, 10 second delay). Chemical shifts were referenced to an external phosphoric acid standard (0 ppm). At equilibrium, 68 ± 2 % is A5P and 32 ± 2 % is Ru5P as determined from the peak areas. 
